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Abstract 22 
Recent research has identified genetic groups of Atlantic salmon Salmo salar 23 
that show association with geological and environmental boundaries. This 24 
study focuses on one particular subgroup of the species inhabiting the chalk 25 
streams of southern England. These fish are genetically distinct from other 26 
British and European S. salar populations and have previously demonstrated 27 
markedly low admixture with populations in neighbouring regions. The genetic 28 
population structure of S. salar occupying five chalk streams was explored 29 
using 16 microsatellite loci. The analysis provides evidence of the genetic 30 
distinctiveness of chalk stream S. salar in southern England, in comparison to 31 
populations from non-chalk regions of Western Europe. Little genetic 32 
differentiation exists between the chalk stream populations, and a pattern of 33 
isolation-by-distance (IBD) was evident. Furthermore, evidence of temporal 34 
stability of S. salar populations across the five chalk streams was found. This 35 
work provides new insights into the temporal stability and lack of genetic 36 
population sub-structuring within a unique component of the species’ range of 37 
S. salar.  38 
 39 
Key words: Atlantic salmon, chalk streams, microsatellite, population 40 
structure, Salmo salar  41 
 42 
43 
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Introduction 44 
Atlantic salmon Salmo salar L. 1758 is an anadromous fish species, which 45 
returns to its natal river after reaching sexual maturity. As a result, the species 46 
shows marked population structuring into broad geographic groups, which is 47 
readily detectable using genetic methodologies (Stahl, 1987; Verspoor et al., 48 
2005), particularly through analysis of microsatellite markers (e.g. King et al., 49 
2001; Koljonen et al., 2005; Tonteri et al., 2009; Griffiths et al., 2010). Current 50 
research suggests that broad genetic groups are largely defined by a 51 
combination of geological substrate (Grandjean et al., 2009; Perrier et al., 52 
2011), phylogeography (Finnegan et al., 2013) and environmental factors 53 
(Dillane et al., 2007), leading to the suggestion that S. salar populations may 54 
be locally adapted to their in-river environments (Garcia de Leaniz et al., 55 
2007; Fraser et al., 2011; Perrier et al., 2011).  56 
One sub-group of this species, which resides within the chalk streams of 57 
southern England, has been shown to form a genetically distinct unit when 58 
compared with groups of geographical neighbour populations in non-chalk 59 
rivers (Griffiths et al., 2010; Gilbey et al., 2017). Chalk stream S. salar 60 
populations also appear to display relatively low levels of admixture with 61 
populations in neighbouring regions (Ikediashi et al., 2012). Admixture has, for 62 
some time, been associated with a reduction in population differentiation. For 63 
example, Stahl (1987) deduced that, in order to maintain genetic differences 64 
between two or more S. salar sub-populations of 2,500 to 10,000 fish, there 65 
had to be fewer than one migrant per year between them. More recent studies 66 
in Spain (Ayllon et al., 2006a) and in the Baltic Sea (Vasemägi et al., 2005), 67 
showed that reductions in the between-river population structuring of S. salar 68 
has been identified as a result of admixture with farm escapees. Following this 69 
line of argument, it is possible that chalk stream S. salar, which engage in 70 
relatively little admixture with individuals in neighbouring regions (Ikediashi et 71 
al., 2012), may also show reduced genetic structuring between them. 72 
However, despite several previous studies having included some fish of chalk 73 
stream origin (e.g. Child et al., 1976; Jordan et al.,  2005; Finnegan et al., 74 
2013) and their apparent genetic distinctiveness (Griffiths et al., 2010), the 75 
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degree of population structure within and between chalk stream S. salar has 76 
not yet been the subject of detailed exploration.  77 
The reason for the distinction between these S. salar populations most likely 78 
stems from one or more of the unique abiotic factors of chalk stream geology, 79 
which are described in detail by Berrie (1992). The calcareous substrate, 80 
upon which chalk streams are formed, is porous, and thus chalk streams are 81 
aquifer fed. The water is therefore relatively clear, stable in temperature 82 
throughout most of the year, and alkaline (ca. pH 8). Due to these unique 83 
environments, several chalk streams have been designated SSSIs (Sites of 84 
Special Scientific Interest) in the UK. However, of the 161 rivers classified as 85 
chalk streams in England (Environment Agency 2004), major S. salar 86 
populations are present in just five of these. These rivers include the Frome, 87 
Piddle, Avon, Test and Itchen, all of which have each been sampled for the 88 
purpose of this study (Figure 1). Crucially, although chalk streams are located 89 
between the counties of Yorkshire in north-east England and Dorset in 90 
southern England, the five rivers with substantial S. salar populations span 91 
only some 70 km along the southern English coast. With so few chalk stream 92 
populations, each of which has markedly decreased in numbers in recent 93 
decades (Environment Agency 2004), there is additional incentive to 94 
understand the full extent of chalk stream S. salar local population genetic 95 
structure.  96 
The primary aim of this study was to assess the population structure of S. 97 
salar populations from the above five major chalk streams of southern 98 
England. First, we assessed the distinctiveness of the chalk stream 99 
populations by explicitly comparing them to populations from geographically 100 
neighbouring populations residing in non-chalk geologies. Secondly, we 101 
assessed whether significant genetic variation exists among the chalk stream 102 
populations by exploring population structure, genetic diversity and patterns of 103 
isolation-by-distance (IBD). Thirdly, by analysing temporal cohorts, we 104 
explored the temporal stability of chalk stream genetic variability over time. In 105 
summary, this study represents the first assessment explicitly addressing the 106 
distinctiveness of chalk stream S. salar populations in southern England, and 107 
highlights the importance of managing these unique populations as distinct 108 
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genetic entities. We anticipate that this information will be useful for the 109 
successful management and conservation of this species within these rivers.  110 
 111 
Materials and Methods 112 
Sampling 113 
Juvenile S. salar (0+ parr) were sampled from the five chalk streams of 114 
southern England that still contain significant populations: the Frome, Piddle, 115 
Avon, Test and Itchen (Figure 1; Table 1; Supporting Information Table S1). 116 
The Avon, Itchen and Test were sampled by the Environment Agency (EA) 117 
during routine national surveys and management programmes between 2004 118 
and 2012. Sampling on the Frome and Piddle was carried out by the Game & 119 
Wildlife Conservation Trust (GWCT) in September of 2009 and 2011 (Figure 120 
1) during routine juvenile abundance surveys. Fish were collected by 121 
electrofishing; adipose fin clips were then taken and preserved in 100% 122 
ethanol, according to national agency ethical guidelines.  To avoid issues of 123 
small sample sizes we aimed to collect 50 parr samples from each site.  For 124 
assessment of the chalk stream populations in comparison with those from 125 
neighbouring non-chalk geographical regions, salmon from rivers in north-126 
west (NW) France, south-west (SW) England and Norway were included for 127 
the population structure analyses (Table 2) and were obtained from a 128 
database of salmon genotyped for the SALSEA-Merge project (Ellis et al., 129 
2011, Gilbey et al., 2017).  130 
 131 
DNA extraction and microsatellite amplification  132 
DNA was extracted from fin clips using the HOTshot method (Truett et al., 133 
2000) and from scales using the Chelex method (Estoup et al., 1996). Sixteen 134 
microsatellite loci were genotyped. Fourteen loci were amplified according to 135 
the protocol of Ikediashi et al. (2012): Ssa14 (McConnell et al., 1995); 136 
Ssa202, SSsp3016, Ssa197 (O’Reilly et al., 1996); SsaF43 (Sánchez et al., 137 
1996); SSspG7, SSsp1605, SSsp2210, SSsp2201, and SSsp2216 (Paterson 138 
et al., 2004); Ssa171, Ssa289, Ssa157, and SsaD144 (King et al., 2005). Two 139 
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additional loci, Ssosl85 and Ssosl417 (Slettan et al., 1995), were amplified in 140 
the first multiplex reaction described by Ikediashi et al., (2012). Potential S. 141 
salar x brown trout Salmo trutta L. 1758 hybrids were recognised by the 142 
presence of alleles longer than 350bp for locus SSsp1605, or alleles longer 143 
than 135bp for Ssa289 (Finnegan & Stevens, 2008). Hybrid fish were 144 
removed from the dataset.  145 
PCR reactions were carried out in 10µl reactions containing ~50ng of 146 
extracted S. salar template DNA, 3µl water, 5µl of Qiagen Taq PCR 147 
Mastermix and 1µl of primer mixture (Supporting Information Table S2).  PCR 148 
conditions were as follows: an initial denaturation step of 5 min at 95°C, 149 
followed by a touchdown PCR consisting of eight cycles with a 30 s 150 
denaturation step at 95 °C, a 90 s annealing step starting at 62 °C and 151 
decreasing the temperature 2°C every two steps until a touchdown 152 
temperature of 47°C was reached, with 3 minutes of extension at 72°C, 153 
followed by a final 10 minute extension at 72°C. Size of products of 154 
fluorescently labelled PCR products were assessed using a Beckman-Coulter 155 
CEQ8000 automatic DNA sequencer and the associated fragment analysis 156 
software (Beckman Coulter).  157 
 158 
Data checking 159 
MICROCHECKER v2.2.3 (Van Oosterhout et al., 2004) was used to check for 160 
scoring errors due to stutter peaks, large allele dropout or null alleles. In order 161 
to prevent the false detection of population structure due to the presence of 162 
family groups (Allendorf & Phelps, 1981), the program COLONY v2.0.4.1 163 
(Jones & Wang, 2010) was used to identify full siblings. The mating system 164 
was defined as polygamous for males and females and without inbreeding. 165 
Each run was of medium length, using high precision and the full-likelihood 166 
method. Allele frequencies were not updated during the run and no prior sib-167 
ship was assumed. An error rate of 0.02 was used for each locus based on 168 
the protocol of Ellis et al. (2011). The program was run twice independently, 169 
with different starting seeds to check consistency of sibship reconstruction. 170 
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Full-sib families were reduced to one representative, if supported by an 171 
average likelihood of 0.5 or higher between the two runs.  172 
Linkage disequilibrium and deviations from Hardy Weinberg equilibrium were 173 
assessed using GENEPOP v4.2 (Raymond & Rousset, 1995). The 95% 174 
significance level for corrections of multiples tests for both procedures were 175 
adjusted using the False Discovery Rate (FDR) (Benjamini & Hochberg, 176 
1995). 177 
 178 
Descriptive statistics 179 
The number of alleles (NA), expected heterozygosity (HE) and observed 180 
heterozygosity (HO) were calculated in Genalex v6.5.02 (Peakall & Smouse, 181 
2012) for each year cohort of S. salar from each of the five chalk streams.  182 
Allelic richness (AR) and the heterozygote deficit (FIS) were calculated using 183 
the program FSTAT v2.9.3 (Goudet, 1995). In order to determine whether 184 
there were any significant differences in genetic diversity between the five 185 
chalk streams, two sided permutation tests were performed within FSTAT for 186 
AR, HO, HE and FIS, using 1000 permutations of the dataset. Where significant 187 
differences were identified, further pairwise comparisons were made in order 188 
to determine between which groups the significant differences lay. 189 
The effective population size (NE) for each river and year was assessed in the 190 
program NeEstimator v. 2.01 (Do et al., 2014) using the linkage disequilibrium 191 
model under a random mating scenario, using 0.01 as the lowest allele 192 
frequency as the critical value cut-off.  193 
 194 
Assessment of the genetic uniqueness of chalk stream S. salar 195 
In order to place the chalk stream S. salar populations in a wider geographical 196 
context, we incorporated genotypes from four other geographical regions: NW 197 
France, SW England and Norway (Table 2). Genotypes were obtained from 198 
the SALSEA-MERGE dataset (Ellis et al., 2011; Gilbey et al., 2017). To 199 
facilitate accurate comparisons across these populations and to allow the 200 
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incorporation of previously genotyped loci, two markers, Ssosl417 and 201 
Ssosl85, were excluded for these population analyses, resulting in the use of 202 
a reduced set of 14 microsatellite loci for all population structure analyses. 203 
Two complementary methods were used to assess the population structure 204 
between chalk and non-chalk populations and also for the assessment of 205 
structure within the chalk stream populations. 206 
Firstly, the program STRUCTURE v2.3.4 (Pritchard et al., 2000) was used to 207 
identify the number of distinct genetic units (k) across the four geographic 208 
regions. STRUCTURE was run from k = 1 to k = 10 with 150,000 Markov 209 
Chain Monte Carlo (MCMC) replicates, after a burn-in of 75,000 replicates 210 
from ten independent starting points. The Evanno method (Δk: Evanno et al., 211 
2005) was used to determine the optimum number of genetic units (k) from 212 
the results. A hierarchical STRUCTURE analysis was conducted based on the 213 
most likely number of genetic units (see Results) in order to further assess 214 
population sub-divisions and the possible existence of sub-structuring within 215 
the chalk stream rivers. In hierarchical analyses of population structure, the 216 
same analysis parameters were used as outlined above.  217 
Secondly, an assessment of population structure using a Discriminant 218 
Analysis of Principal Components (DAPC) was conducted in R using the 219 
adegenet package (Jombart, 2008; Jombart et al., 2010). The optimum alpha 220 
score (using the optim.a.score function) was used to assess how many 221 
principal components should be retained for each analysis and we assessed 222 
structure using five discriminant components. DAPC plots of the first two 223 
principal components were derived using ggplot2 (Wickham, 2009). 224 
 225 
Assessment of the population structure between chalk stream rivers 226 
To assess the differentiation between sampling sites from across each chalk 227 
river, pairwise FST values from each site and year were calculated. Based on 228 
the outcome of this analysis (see Results), fish from individual sample sites 229 
were grouped together across each river; annual cohorts from each river were 230 
then used for all subsequent analyses of population structure and genetic 231 
diversity. Global and pairwise FST values were calculated for each year cohort 232 
 9 
from each of the five chalk stream rivers. All values were tested for 233 
significance using 10 000 permutations in MSA (Dieringer & Schlötterer, 234 
2003). Multiple testing correction, as incorporated within MSA was used to 235 
assess the 95% confidence level.  236 
Population structure assessment of S. salar within each river and across time 237 
was assessed using the same methods above (STRUCTURE and DAPC 238 
analyses).  239 
To test whether the populations from each of the five chalk stream rivers were 240 
structured through a pattern of isolation-by-distance, the genetic distance 241 
(FST/1-FST) (Rousset, 1997) was tested for significant correlations with 242 
geographic distance using a Mantel test in Genalex using 9999 permutations. 243 
Geographic distances (in km) were determined between river mouths along 244 
the coastal line of southern England using arcGIS v10 (ESRI, 2006). 245 
In order to assess temporal stability, we calculated ‘isolation-by-time’ using a 246 
Mantel test for which a matrix of the difference in years between sampling 247 
was correlated with genetic distance (FST/1-FST). To further assess temporal 248 
stability, the genetic differentiation between sampling year and river was 249 
apportioned using an Analysis of Molecular Variance (AMOVA) in Arlequin v 250 
3.5.2 (Excoffier & Lischer, 2010), using standard computations based on the 251 
number of different alleles (FST-like). Significance between the variance 252 
components (Va, Vb and Vc) and fixation indices (FCT, FSC and FST) were 253 
accepted at p < 0.05.  254 
 255 
Results 256 
 257 
Number of individuals and grouping of sites over years 258 
In total, 1297 juvenile S. salar samples were genotyped at 16 microsatellites 259 
across 26 sites in the five chalk stream rivers (Supporting Information Table 260 
S1). Two potential S. salar x S. trutta hybrids were detected within the Frome 261 
and five were detected within the Avon. After the removal of hybrids and full 262 
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siblings, the final dataset was reduced to 772 samples (Table 1), which were 263 
used for all downstream analyses.  264 
After applying the false discovery rate (FDR) correction, linkage disequilibrium 265 
was detected at seven out of a total of 3000 comparisons (data not shown). 266 
These indicated no consistent pattern between sample sites and, therefore, 267 
no loci were removed. Across the 26 sample sites, only two cases of loci not 268 
confirming to Hardy-Weinberg equilibrium were found, and therefore, no 269 
samples were removed. 270 
Pairwise FST values between annual sample sites across each of the chalk 271 
stream populations were very low (average 0.025), ranging from -0.002 272 
(between AVNbug04 and AVNbri12) to 0.063 (between FROcfmr09 and 273 
TESTmem10), and were significant in 278 of the 325 comparisons after 274 
multiple comparison corrections (Supporting Information Table S3). Moreover, 275 
despite significant FST values between many of the comparisons, a genetic 276 
signal of site differentiation could not be determined over the background of 277 
temporal variation in sampling. Furthermore, FST values for point samples 278 
such as these, particularly when sample sizes are small (Supporting 279 
Information Table S1), do not provide strong evidence for population 280 
differentiation. Accordingly, it was decided to group together sampling sites, 281 
irrespective of sampling year, for each river.  282 
 283 
Genetic diversity of chalk stream S. salar  284 
Between the year cohorts for each river, the number of alleles (NA) genotyped 285 
in the juvenile S. salar from the chalk streams ranged from 6.38 (Piddle 2011) 286 
to 10.69 (Frome 2009) and the unbiased measure of allelic richness (AR) 287 
ranged from 4.77 (Test 2010) to 5.47 (Test 2004) (Table 3). Expected 288 
heterozygosity (HE) ranged from 0.66 (Test 2010) to 0.71 (Frome 2011), and 289 
observed heterozygosity (HO) ranged from 0.67 (Itchen 2006 and Itchen 2010) 290 
to 0.73 (Piddle 2009 and Test 2004).  291 
Statistical comparisons of diversity were non-significant for AR (p = 0.64) and 292 
HE (p = 0.46). However, there were significant differences in HO (p = 0.01) and 293 
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FIS (p = 0.008). Further analysis indicated that the differences in HO were 294 
between S. salar in the Piddle and Itchen (p = 0.001), Avon and Itchen (p = 295 
0.039) and Test and Itchen (p = 0.035). These differences were reflected in 296 
the statistical significance for FIS between the Piddle and Itchen (p = 0.002) 297 
and the Test and Itchen (p = 0.008). The significance of these results is due to 298 
the relatively low HO seen in the Itchen (especially in Itchen 2006 and Itchen 299 
2010 cohorts), a pattern that is also reflected by higher values of FIS for the 300 
Itchen (Table 3). The differences in FIS suggest a greater amount of 301 
inbreeding within the Itchen, although this does not correlate with estimates of 302 
effective population size. 303 
The Test 2010 showed evidence of the smallest effective population size (NE) 304 
of 22 (95% CI: 18-27) and the highest NE was observed in the Frome 2009 at 305 
315 (95% CI: 249-419). Generally, estimates of NE appeared stable over time, 306 
with the Frome showing the highest NE, followed by the Avon. The Piddle, 307 
Test and Itchen showed relatively smaller values of NE, with the exception of 308 
increases in NE from the Test 2004, relative to the Test 2010, as well as a 309 
slight increases in Itchen 2010 NE compared to Itchen 2005 and Itchen 2006. 310 
 311 
Genetic uniqueness of chalk stream S. salar 312 
Using the Δk statistic, the most likely number of genetic clusters ascertained 313 
from the STRUCTURE analysis was k=2, which illustrated the genetic 314 
uniqueness of the five chalk steam S. salar populations compared to 315 
neighbouring non-chalk populations (Figure 2). Of interest was the genetic 316 
similarity of individuals from geographically distant regions on non-chalk 317 
geology, compared with the striking distinctiveness of the chalk stream 318 
salmon populations. Hierarchical analysis of the NW France, SW England and 319 
Norway group showed that the most likely number of genetic clusters was 320 
k=2, which demonstrated a difference between Norway and the two other 321 
non-chalk populations residing in NW France and SW England (Supporting 322 
Information Figure S1). 323 
The optimum number of PCAs for the DAPC analysis was 34. Results of the 324 
population differentiation from the DAPC analysis complimented the 325 
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STRUCTURE analysis in also showing the genetic uniqueness of the chalk 326 
stream S. salar in comparison to all other non-chalk salmon included in this 327 
study. Due to the ability of DAPC in uncovering finer-scale hierarchical 328 
population structure (Jombart et al., 2010), the Norwegian S. salar are 329 
observed as a separate genetic unit in the DAPC plot, which was also 330 
confirmed in the hierarchical analysis using STRUCTURE. One chalk stream 331 
individual from the Frome09 sampling cohort was shown to cluster with the 332 
NW France / SW England genetic group. This sample had no missing 333 
genotype data so this ‘outlier’ is most likely a real result (see Discussion).  334 
 335 
Lack of population structure and temporal stability within the chalk streams 336 
The global FST calculated across each annual cohort from each chalk stream 337 
population was low but significant (FST = 0.018, p = 0.001). The average 338 
pairwise FST across all comparisons was 0.028, and ranged from 0.002 339 
(between Frome09 and Frome11) and 0.055 (between Piddle11 and Test04) 340 
(Table 4). All pairwise FST comparisons were significant after FDR correction 341 
(except between Piddle09 and Piddle11; Itchen06 and Piddle09; Avon04 and 342 
Avon12; Itchen05 and Itchen06; Itchen05 and Itchen10; Itchen06 and 343 
Itchen10).  344 
Hierarchical analysis of the chalk stream S. salar showed that no significant 345 
genetic differentiation occurred across or between the five chalk stream rivers. 346 
The Δk statistic showed no single reliable estimate for k, as the Δk values 347 
were both low, and did not show an obvious peak for any value of potential 348 
genetic clusters (Supporting Information Figure S2). This therefore suggests 349 
that the chalk stream S. salar represent one large genetic group that is not 350 
distinguished on the basis of river basin or annual sampling (Figure 3). This 351 
was further supported by the DAPC, which could not distinguish any patterns 352 
of population differentiation (based on the optimum number of 42 PCAs). 353 
The test for isolation-by-distance (IBD) across the chalk stream salmon was 354 
strong and statistically significant (R2 = 0.2978, p = 0.031) (Figure 4A). This 355 
pattern of IBD was also noticeable in the STRUCTURE plot and DAPC.  356 
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Assessment of temporal stability using ‘isolation-by-time’ (IBT) showed no 357 
statistically significant relationship between annual cohorts within each river 358 
and geographical distances (R2 = 0.0013, p = 0.422) (Figure 4B). Results 359 
from the AMOVA proportioned the majority of the variance (98%) within each 360 
sampling cohort (Vc = 5.22, FST = 0.0197, p < 0.05). Only 0.94% of the 361 
genetic variance occurred between rivers (Va = 0.05, FCT = 0.00938, p < 0.05) 362 
and just 1.04% of the variance was attributed to between years within rivers 363 
(Vb = 0.06, FSC = 0.01046, p < 0.05). 364 
  365 
Discussion 366 
Overview 367 
Populations of S. salar within the chalk streams of southern England have 368 
plummeted in recent decades, yet despite this, and their distinction from other 369 
European populations, the genetic population structure of S. salar within the 370 
chalk streams had not previously been investigated. This study explicitly 371 
demonstrated the uniqueness of chalk stream populations in the context of S. 372 
salar from other non-chalk regions. A significant pattern of isolation-by-373 
distance defines the chalk stream populations, and there is little to no genetic 374 
sub-structuring across rivers and across years. Furthermore, patterns in 375 
population structure and genetic diversity were shown to be temporally stable. 376 
Identification of the homogeneity of the chalk stream fish significantly 377 
increases our understanding of the contemporary genetic structure within one 378 
of the key reporting regions identified by Griffiths et al. (2010) for S. salar in 379 
the southern part of the species’ range. These finding have significant 380 
implications for conservation and our understanding of population structure.  381 
 382 
Uniqueness of chalk stream S. salar populations 383 
The population structure analyses complement previous findings (Griffiths et 384 
al., 2010; Ikediashi et al., 2012) confirming that chalk stream S. salar are 385 
genetically distinct compared to populations from non-chalk geologies. 386 
Extensive analysis of S. salar populations from across Europe also confirms 387 
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the genetic uniqueness of chalk stream populations in southern England 388 
(Gilbey et al., 2017). Interestingly, chalk stream populations appear to be 389 
genetically distinct even when compared to populations occupying south-west 390 
English rivers, between which a sharp gradient in underlying geology, from 391 
chalk to non-chalk, occurs. This is emphasised further by the relative genetic 392 
homogeneity of salmon from south-west England and north-west France, 393 
which are separated across the English Channel (representing a direct 394 
distance of >370km). Notably, even fish from considerably more distant non-395 
chalk S. salar populations (Norway) are more genetically similar to English 396 
non-chalk stream fish than are the chalk stream S. salar.  397 
Geology is known to be a fundamental feature affecting the distribution and 398 
abundance of salmonid populations. For example, rainbow trout 399 
Oncorhynchus mykiss (Walbaum 1792) and cutthroat trout Oncorhynchus 400 
clarki (Richardson 1837) abundances have been shown to be correlated with 401 
particular geologies (Hicks & Hall, 2003), and S. trutta condition was shown to 402 
decrease in limestone geologies correlated with increased catchment 403 
afforestation (Lehane et al., 2004). With chemical cues being a particularly 404 
important feature of salmonid homing (Stabell et al., 1984; Tierney et al., 405 
2010), distinctive population structure arising from geologies with especially 406 
notable water chemistry features is not surprising. Other research directly 407 
investigating the role of geology in S. salar population structure across Europe 408 
suggests a similar role of geology in structuring local and regional populations 409 
(Perrier et al., 2011). Despite the increasing appreciation of geological factors 410 
on the structuring of salmonid populations, genetic distinctiveness related 411 
specifically to geology is not common in the literature. 412 
Furthermore, there appears to be little to no genetic admixture occurring 413 
between chalk stream S. salar populations and fish from neighbouring rivers. 414 
The proportion of straying in salmonids is known to be a significant contributor 415 
in re-colonisation events (Vasemägi et al., 2001; Perrier et al., 2009; Griffiths 416 
et al., 2011; Ikediashi et al., 2012). Moreover, high rates of straying have been 417 
shown to result in patterns of admixture between and among local salmonid 418 
populations within a region (Filatre et al., 2003; Ayllon et al., 2006b; King et 419 
al., 2016). On the other hand, the potential of stocked fish to swamp local S. 420 
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salar population structure is not frequently observed, with signals of low 421 
admixture between foreign and native genotypes (Finnegan et al., 2008; 422 
Hansen et al., 2009; Perrier et al., 2013). The one exception to the apparent 423 
low rates of admixture in the chalk stream populations is the occurrence of a 424 
single chalk stream individual (genotyped from the Frome), which does not 425 
identify – based on its genetic profile – as ‘chalk’. As the Frome is the most 426 
westerly of the chalk stream rivers, this fish could potentially represent a 427 
hybrid from a stray from south-west England crossed with a chalk stream 428 
individual. An alternative explanation is that the fish has been illicitly moved by 429 
human activity, although, if this were the case, in the short-term such activities 430 
might be expected to exhibit a more widespread exogenous signature.  431 
 432 
Lack of genetic sub-structuring within the chalk stream S. salar populations 433 
The accuracy of natal homing in salmonids is influenced by a plethora of biotic 434 
and abiotic factors (see Keefer & Caudill, 2014). In some cases, evidence of 435 
fine-scale natal homing appears high, for example in S. trutta populations 436 
across 3 km (Carlsson et al., 1999) and in Chinook salmon Oncorhynchus 437 
tshawytscha (Walbaum 1792) across just 1 km (Neville et al., 2006). On the 438 
other hand, Stewart et al. (2003) found that, despite phenotypic differences in 439 
sockeye salmon Oncorhynchus nerka (Walbaum 1792) populations homing to 440 
physically similar beaches in Alaska, USA, no evidence of restricted gene flow 441 
between the sites was detected. Similarly, genetic variation among O. nerka 442 
populations in the tributaries of a bay in Alaska were shown to be highly 443 
similar (Habicht et al. 2006), while relatively weak genetic structure was 444 
detected among Coho salmon Oncorhynchus kisutch (Walbaum 1792) from 445 
different river basins in Oregon (Johnson & Banks 2008).  446 
In this study, the lack of genetic differentiation between chalk stream S. salar 447 
populations suggests that returning individuals may be homing back to a 448 
general chalk geological signature, and, consequently, fine-scale between-449 
river population differentiation is not apparent. We anticipate that a propensity 450 
to home to chalk stream waters is likely a fundamental trait of these fish. 451 
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Collectively, the chalk stream rivers drain a small area (spanning just 70 km 452 
along the southern English coast), and it appears probable that homing 453 
accuracy of fish originating within the chalk geology is not further stratified by 454 
additional river-specific geochemical features. Furthermore, the chalk stream 455 
S. salar populations were shown to be temporally stable, which importantly, 456 
suggests habitat stability over time (see below).  457 
A marked lack of differentiation across S. salar populations from proximal 458 
rivers has been noted previously in other parts of Britain. For example, 459 
populations in the rivers of north-west England and south-west Scotland that 460 
drain into the Solway Estuary (Griffiths et al., 2010, Ikediashi et al., 2012), 461 
show little if any consistent genetic differentiation, even when using a large 462 
panel of SNPs (Gilbey et al., 2016). While geology may play a role in this 463 
scenario, this finding appears best explained by the fact that the rivers in this 464 
region share the estuary of the Solway Firth and the Irish Sea, through which 465 
returning fish must pass.  466 
Despite a distinct lack of population differentiation between chalk stream S. 467 
salar populations, significant patterns of isolation-by-distance (IBD) were 468 
detected. Isolation-by-distance is prevalent in salmonids at both large 469 
continent scales (King et al., 2001), regional scales (Taylor et al., 2003) and 470 
within rivers (Griffiths et al., 2009; Primmer et al., 2006). Given the proximity 471 
of the river mouths and shared estuaries of the Frome/Piddle and Test/Itchen, 472 
higher levels of gene flow and migration between these sites might be 473 
expected, and it appears that the geographic distance between the mouths of 474 
these rivers does play a role in defining genetic distances between 475 
populations.  476 
 477 
Temporal stability and chalk stream habitat reliability 478 
The assessment of temporal stability is important in order to understand the 479 
extent to which populations exist as dynamic metapopulations punctuated by 480 
local extinctions and recolonisations, or in stable patches at gene flow-drift 481 
equilibrium. In an assessment of S. salar sampled across two consecutive 482 
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years across a ~100 km river in Quebec, temporal stability was evident in four 483 
out of seven sampling sites, with a high proportion of genetic variance 484 
attributable to other factors (Garant et al., 2000). In a study assessing 485 
temporal stability over a much longer timeframe (50-100 years), across five 486 
rivers (ranging from 3 – 60 km) S. trutta populations were shown to be 487 
remarkably temporally stable (Hansen et al., 2002). Analysis of net samples 488 
from two non-chalk rivers in England, showed temporal stability of the genetic 489 
profiles of S. salar over more than 20 years (Griffiths et al., 2010). This 490 
suggests that the ability to detect temporal stability may depend in part on the 491 
window from which the samples originate. Moreover, in order to avoid the 492 
confounding effects of ascertainment bias, it is important in assessments of 493 
temporal stability to sample the same locations over multiple years.  494 
The samples used in this study spanned an intermediate timeframe (2004 – 495 
2012; 8 years) and were stochastic in terms of sampling site and year. Our 496 
results for isolation-by-time (IBT) showed no association between annual 497 
sampling, and an AMOVA showed that both sampling between rivers and 498 
between years within rivers accounted for only a very small proportion of the 499 
explained variance. It should be noted, however, that although variance 500 
between years within rivers was significant, it was only marginally higher than 501 
variation between rivers. Due to challenges in obtaining samples, the 502 
sampling regime in this study was far from ideal; to better address genetic 503 
change over time, future assessment of the temporal stability of chalk stream 504 
S. salar should sample the same sites across a set number of years.  505 
Nonetheless, in the current study, measures of genetic variability were mostly 506 
stable across years and diversity estimates of each cohort were comparable 507 
to other assessments of S. salar using microsatellite markers (Tessier & 508 
Bernatchez, 1999; Koljonen et al., 2002; Skaala et al., 2004). This is 509 
particularly important given that chalk stream populations are known to have 510 
decreased in recent decades. There were significant differences in FIS and HO 511 
(p<0.005), which were primarily due to low observed heterozygosity and 512 
higher levels of FIS observed from fish in the Itchen. This may reflect differing 513 
population dynamics within this river, with more inbreeding within it. However, 514 
it is worth noting that the FIS values from the Itchen are low compared to other 515 
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studies of S. salar. For example, FIS values of 0.11 – 0.13 were found in 516 
populations in the Rivers Authie, Valmont and Touques in France (Perrier et 517 
al., 2011); therefore, these values alone should not to be a cause for concern.  518 
Given that the studied chalk streams are relatively short in length, estimates 519 
of NE are comparable to estimates obtained from salmonids occupying similar 520 
river lengths (Lage & Kornfield, 2006; Jensen et al., 2006; Vähä et al., 2008), 521 
although it should be recognised that population dynamics and ecological 522 
features can substantially alter such estimates (e.g. Palstra et al., 2007; 523 
2009). One noticeable change was a dramatic drop in NE in S. salar from the 524 
Test between 2004 and 2010. It is known that in the past there was a major 525 
stocking programme on the River Test and that stocking continued up until the 526 
year 2000 (L. Talks, Environment Agency, pers. comm.). Interestingly, despite 527 
stocking efforts which appear to have temporarily inflated estimates of NE in 528 
this system, apparent effects on population structure and diversity (i.e. 529 
admixture effects of stocked fish) are not apparent. More recent estimates of 530 
NE for the Test appear low, but relative decreases in genetic variability were 531 
not so apparent. The effects of this stocking activity were also observed in the 532 
population structure analyses, where the Test samples deviate in the DAPC, 533 
and also show higher Q values for cluster 2 (in blue) in the Structure plot. 534 
Evidence suggests that even in populations with small sizes and the potential 535 
for future declines, S. salar can continue to demonstrate relatively high 536 
genetic variability, as has been shown in this study, and in populations in 537 
Iberia (Consuegra et al., 2005).  538 
Finally, because S. salar typically show considerable variation in the age at 539 
which they migrate to sea, such patterns are hypothesised to significantly alter 540 
genetic variability and effective population size over time. However, the vast 541 
majority of chalk stream fish, at least from the Frome (98%), smolt after one 542 
year (R. Lauridsen, GWCT, pers. comm.). Future work on the populations 543 
assessed here could use molecular analysis to determine the number of years 544 
that each generation of chalk stream S. salar spends between hatching and 545 
spawning, which varies considerably over the range of the species (e.g. 546 
Klemetsen et al., 2003; Kusche et al., 2017).  547 
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 548 
Further implications for conservation 549 
The five chalk streams studied are currently managed following county 550 
borders and Environment Agency regional borders, so that the Frome, Piddle 551 
and Avon are managed within the region of Wessex, while the Test and Itchen 552 
are managed within the Solent and South Downs region.  This management 553 
structure does not appear best suited with their natural population structure, 554 
as this study reveals a high degree of connectivity between S. salar across all 555 
five rivers. The demonstration of the distinctiveness of chalk stream S. salar, 556 
as well as the lack of sub-structuring between the chalk stream populations, 557 
reaffirms the need for bespoke management and conservation of these 558 
genetically distinctive fish.  559 
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Figure Legends 858 
Figure 1. Map depicting the location of the five chalk stream rivers included in 859 
this study and sampling sites. Site codes correspond to those presented in 860 
Supporting Information Table S1.  861 
Figure 2. STRUCTURE plot and DAPC of chalk stream Salmo salar 862 
compared to non-chalk S. salar from neighbouring regions of north-west (NW) 863 
France, south-west (SW) England, and Norway. Sampled rivers for these regions 864 
can be found in Tables 1 and 2. The most likely number of genetic units (k) is shown 865 
for the STRUCTURE plot (k = 2), which distinguishes the chalk stream S. salar 866 
genotypes as unique compared to non-chalk genotypes. DAPC also distinguishes 867 
the chalk stream S. salar, and also shows the genetic divergence between NW 868 
France/SW England and Norway.  869 
Figure 3. STRUCTURE plot and DAPC of the five chalk stream Salmo salar 870 
rivers across multiple sampling years (Frome09, Frome11, Piddle09, Piddle11, 871 
Avon04, Avon10, Avon12, Test04, Test10, Itchen05, Itchen06 and Itchen10). No 872 
genetic groups were defined in the DAPC or STRUCTURE (k = 2) plot, but the 873 
analyses suggest a pattern of isolation-by-distance (IBD).  874 
Figure 4. Evidence of spatial structuring and temporal stability in Salmo salar 875 
populations from across the five chalk stream rivers: (A) significant isolation-by-876 
distance (IBD); (B) non-significant isolation-by-time (IBT). 877 
 878 
 879 
Table 1. Details of sampling for each of the five chalk stream Salmo salar 
populations. Details include the initial sample size and the final sample size after full-
sibling removal, together with the percentage of samples removed.  
 
River-Year 
No. of 
sampling 
sites 
Initial sample 
size 
Final sample 
size 
Samples 
removed (%) 
Frome 2009 7 302 221 26.8 
Frome 2011 6 454 222 51.1 
Piddle 2009 1 32 21 34.4 
Piddle 2011 1 89 21 76.4 
Avon 2004 2 42 39 52.4 
Avon 2010 1 44 20 54.5 
Avon 2012 3 117 68 41.9 
Test 2004 1 89 45 49.4 
Test 2010 1 31 29 6.45 
Itchen 2005 1 27 26 3.7 
Itchen 2006 1 24 23 4.2 
Itchen 2010 1 46 37 19.6 
 
 
Tables 1 - 4
 Table 2. Additional rivers sampled from neighbouring (non-chalk) Salmo salar 
populations for inclusion in the STRUCTURE analyses. Genotypes of these 
populations were obtained through the assessment of 14 microsatellite loci used in 
the SALSEA-MERGE project. The two loci not included are Ssal417 and Ssosl85. 
SW indicates south-west. 
 
Country Sampling site / river Sample size 
France Sée 47 
France Sélune 48 
France Léguer 47 
France Elorn 47 
France Alune 38 
SW England Exe 142 
SW England Teign 44 
SW England Dart 79 
SW England Tamar 95 
SW England Fowey 55 
Norway Daleelva 105 
Norway Laukhelle 87 
Norway Namsen 90 
Norway Vesterelva 93 
 
 
Table 3. Standard population genetics statistics calculated for each of the five chalk 
stream Salmo salar populations. N – sample size; NA – number of alleles; AR – allelic 
richness; HE – expected heterozygosity; HO – observed heterozygosity; NE – 
effective population size. Numbers in brackets for NE represent 95% CI.  
 
 
River-Year N NA AR HE HO FIS NE 
Frome 2009 221 10.69 5.30 0.7 0.7 0.007 315 (249-419) 
Frome 2011 222 10 5.33 0.71 0.69 0.027 228 (194-272) 
Piddle 2009 21 6.63 5.03 0.68 0.73 -0.04 39 (27-63) 
Piddle 2011 21 6.38 4.95 0.68 0.72 -0.04 53 (37-90) 
Avon 2004 39 7.31 5.26 0.7 0.71 0.012 194 (109-682) 
Avon 2010 20 6.44 5.02 0.67 0.69 0.002 104 (55-571) 
Avon 2012 68 7.69 5.15 0.7 0.71 -0.012 140 (105-204) 
Test 2004 45 9 5.47 0.7 0.73 -0.037 132 (89-233) 
Test 2010 29 6.5 4.77 0.66 0.69 -0.027 22 (18-27) 
Itchen 2005 26 6.75 4.92 0.68 0.7 -0.002 56 (40-90) 
Itchen 2006 23 7.19 5.25 0.69 0.67 0.053 99 (60-249) 
Itchen 2010 37 7.31 5.03 0.69 0.67 0.036 138 (88-293) 
Table 4. Pairwise FST values calculated for each of the five chalk stream Salmo salar populations (river and year indicated). 
Numbers above the diagonal represent the FST values and numbers below the diagonal represent the p-value for each comparison 
(corrected by FDR).  
 
 
Frome09 Frome11 Piddle09 Piddle11 Avon04 Avon10 Avon12 Test04 Test10 Itchen05 Itchen06 Itchen10 
Frome09 0 0.002 0.013 0.016 0.013 0.036 0.013 0.032 0.036 0.031 0.016 0.017 
Frome11 0.0066 0 0.010 0.021 0.012 0.033 0.012 0.026 0.032 0.027 0.014 0.014 
Piddle09 0.0066 0.033 0 0.011 0.026 0.042 0.020 0.037 0.038 0.030 0.019 0.025 
Piddle11 0.0066 0.0066 n.s. 0 0.022 0.042 0.025 0.055 0.053 0.051 0.024 0.032 
Avon04 0.0066 0.0066 0.0066 0.0066 0 0.019 0.005 0.030 0.032 0.036 0.018 0.018 
Avon10 0.0066 0.0066 0.0066 0.0066 0.0066 0 0.033 0.049 0.050 0.047 0.040 0.033 
Avon12 0.0066 0.0066 0.0066 0.0066 n.s. 0.0066 0 0.035 0.026 0.038 0.022 0.023 
Test04 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0 0.052 0.028 0.018 0.027 
Test10 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0 0.043 0.044 0.045 
Itchen05 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0 0.007 0.013 
Itchen06 0.0066 0.0066 n.s. 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 n.s. 0 0.008 
Itchen10 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 0.0066 n.s. n.s. 0 
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Table S1. Key for each sample site, including the full name of the sample site, the coordinates, the river and the year 
sampled, and the original and post sib-ship removal sample sizes. 
Population River Sampling site 
Year of 
sampling 
X 
coordinate 
Y 
coordinate 
Original 
Sample 
size 
Sample 
size post 
sib-ship 
FRObp09 Frome Bradford Peverell 2009 -2.482798 50.736346 42 31 
FROgbc09 Frome Grey Bridge Carrier 2009 -2.419441 50.716733 49 28 
FROnsnh09 Frome North Stream Nine Hatches 2009 -2.359681 50.71588 46 25 
FROlm09 Frome Lewel Mill 2009 -2.369884 50.70913 43 29 
FROcfmr09 Frome Clyffe Farm Main River 2009 -2.322548 50.717482 46 39 
FROeb09 Frome East Burton 2009 -2.240601 50.685788 41 36 
FROesg09 Frome East Stoke 2009 -2.189794 50.679613 37 33 
FRObp11 Frome Bradford Peverell 2011 -2.482798 50.736346 48 27 
FROgbc11 Frome Grey Bridge Carrier 2011 -2.419441 50.716733 49 42 
FROnsnh11 Frome North Stream Nine Hatches 2011 -2.359681 50.71588 95 28 
FROcfmr11 Frome Clyffe Farm Main River 2011 -2.322548 50.717482 93 48 
FROeb11 Frome East Burton 2011 -2.240601 50.685788 47 36 
FROesg11 Frome East Stoke 2011 -2.189794 50.679613 55 41 
PIDber09 Piddle Bere Stream 2009 -2.200775 50.725076 32 21 
PIDwar11 Piddle Warren 2011 -2.202387 50.721071 46 21 
AVNbrd04 Avon Avon Bridge 2004 -1.816891 51.09558 23 20 
AVNbrd10 Avon Avon Bridge 2010 -1.816891 51.09558 44 20 
AVNbri12 Avon Avon Bridge 2012 -1.816891 51.09558 21 21 
AVNbut12 Avon Butchers Stream 2012 -1.866044 51.082822 45 21 
AVNprf12 Avon Priory Farm 2012 -1.892028 51.077579 34 26 
TESTmem04 Test Memorial Park 2004 -1.496397 50.953838 89 45 
TESTmem10 Test Memorial Park 2010 -1.505267 50.987364 31 29 
ITCbis05 Itchen Bishopstoke Barge 2005 -1.337858 50.965754 27 29 
ITCbis06 Itchen Bishopstoke Barge 3006 -1.337858 50.965754 24 23 
ITCbis10 Itchen Bishopstoke Barge 2010 -1.337858 50.965754 46 37 
Supporting information  e.g. additional data
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Table S2. Primer quantities and multiplexes. 
 
 
 
Multiplex A (FRAG-3) Multiplex B (FRAG-3) Multiplex C (FRAG 3-40) 
Multiplex A1 Multiplex 
A2 
 Multiplex C1 Multiplex C2 
Ssosl417 1.6 85 5 SSsp2216 4 SsaD144 5 Ssa157 8 
Ssa202 4 Water 90 SsaF43 1.5 Water 90 Ssa171 3 
Ssa14 4.5   SSsp2210 2.2   SSsp2201 3 
SSsp3016 10   Ssa197 4   Ssa289 11 
SSspG7 2.5   SSsp1605 4   Water 50 
Water  54.8   Water 68.6     
 
 
 
 
 
 
Primers/36 ul aliquot 
Ssosl417 22.5 
Ssa202 9 
Ssa14 8 
SSsp3016 3.6 
SSspG7 14.4 
Ssosl85 7.2 
SSsp2216 9 
SsaF43 24 
SSsp2210 16.4 
Ssa197 9 
SSsp1605 9 
SsaD144 7.2 
Ssa157 4.5 
Ssa171 12 
SSsp2201 12 
Ssa289 3.2 
3 
 
Table S3. Pairwise FST between Salmo salar sampling sites across the five chalk stream rivers. Sample site codes match 
those presented in Table S1.  
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Figure S1. Hierarchical STRUCTURE analysis of NW (north-west) France, SW (south-west) England and Norway. K = 2.  
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Figure S2. Δk statistic plotted against k for the hierarchical STRUCTURE analysis of population differentiation in the chalk stream 
rivers. Δk values calculated as per Evanno et al. (2005) are plotted along the y-axis and potential genetic clusters (k) are shown on 
the x-axis.  The low Δk values (max. 5.1) and observation of no clear peak in the statistic show no support for any genetic cluster.  
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Abstract 22 
Recent research has identified genetic groups of Atlantic salmon Salmo salar 23 
that show association with geological and environmental boundaries. This 24 
study focuses on one particular subgroup of the species inhabiting the chalk 25 
streams of southern England. These fish are genetically distinct from other 26 
British and European S. salar populations and have previously demonstrated 27 
markedly low admixture with populations in neighbouring regions. The genetic 28 
population structure of S. salar occupying five chalk streams was explored 29 
using 16 microsatellite loci. The analysis provides evidence of the genetic 30 
distinctiveness of chalk stream S. salar in southern England, in comparison to 31 
populations from non-chalk regions of Western Europe. Little genetic 32 
differentiation exists between the chalk stream populations, and a pattern of 33 
isolation-by-distance (IBD) was evident. Furthermore, evidence of temporal 34 
stability of S. salar populations across the five chalk streams was found. This 35 
work provides new insights into the temporal stability and lack of genetic 36 
population sub-structuring within a unique component of the species’ range of 37 
S. salar.  38 
 39 
Key words: Atlantic salmon, chalk streams, microsatellite, population 40 
structure, Salmo salar  41 
 42 
43 
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Introduction 44 
Atlantic salmon Salmo salar L. 1758 is an anadromous fish species, which 45 
returns to its natal river after reaching sexual maturity. As a result, the species 46 
shows marked population structuring into broad geographic groups, which is 47 
readily detectable using genetic methodologies (Stahl, 1987; Verspoor et al., 48 
2005), particularly through analysis of microsatellite markers (e.g. King et al., 49 
2001; Koljonen et al., 2005; Tonteri et al., 2009; Griffiths et al., 2010). Current 50 
research suggests that broad genetic groups are largely defined by a 51 
combination of geological substrate (Grandjean et al., 2009; Perrier et al., 52 
2011), phylogeography (Finnegan et al., 2013) and environmental factors 53 
(Dillane et al., 2007), leading to the suggestion that S. salar populations may 54 
be locally adapted to their in-river environments (Garcia de Leaniz et al., 55 
2007; Fraser et al., 2011; Perrier et al., 2011).  56 
One sub-group of this species, which resides within the chalk streams of 57 
southern England, has been shown to form a genetically distinct unit when 58 
compared with groups of geographical neighbour populations in non-chalk 59 
rivers (Griffiths et al., 2010; Gilbey et al., 2017). Chalk stream S. salar 60 
populations also appear to display relatively low levels of admixture with 61 
populations in neighbouring regions (Ikediashi et al., 2012). Admixture has, for 62 
some time, been associated with a reduction in population differentiation. For 63 
example, Stahl (1987) deduced that, in order to maintain genetic differences 64 
between two or more S. salar sub-populations of 2,500 to 10,000 fish, there 65 
had to be fewer than one migrant per year between them. More recent studies 66 
in Spain (Ayllon et al., 2006a) and in the Baltic Sea (Vasemägi et al., 2005), 67 
showed that reductions in the between-river population structuring of S. salar 68 
has been identified as a result of admixture with farm escapees. Following this 69 
line of argument, it is possible that chalk stream S. salar, which engage in 70 
relatively little admixture with individuals in neighbouring regions (Ikediashi et 71 
al., 2012), may also show reduced genetic structuring between them. 72 
However, despite several previous studies having included some fish of chalk 73 
stream origin (e.g. Child et al., 1976; Jordan et al.,  2005; Finnegan et al., 74 
2013) and their apparent genetic distinctiveness (Griffiths et al., 2010), the 75 
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degree of population structure within and between chalk stream S. salar has 76 
not yet been the subject of detailed exploration.  77 
The reason for the distinction between these S. salar populations most likely 78 
stems from one or more of the unique abiotic factors of chalk stream geology, 79 
which are described in detail by Berrie (1992). The calcareous substrate, 80 
upon which chalk streams are formed, is porous, and thus chalk streams are 81 
aquifer fed. The water is therefore relatively clear, stable in temperature 82 
throughout most of the year, and alkaline (ca. pH 8). Due to these unique 83 
environments, several chalk streams have been designated SSSIs (Sites of 84 
Special Scientific Interest) in the UK. However, of the 161 rivers classified as 85 
chalk streams in England (Environment Agency 2004), major S. salar 86 
populations are present in just five of these. These rivers include the Frome, 87 
Piddle, Avon, Test and Itchen, all of which have each been sampled for the 88 
purpose of this study (Figure 1), and which are henceforth referred to by their 89 
specific names only. Crucially, although chalk streams are located between 90 
the counties of Yorkshire in north-east England and Dorset in southern 91 
England, the five rivers with substantial S. salar populations span only some 92 
70 km along the southern English coast. With so few chalk stream 93 
populations, each of which has markedly decreased in numbers in recent 94 
decades (Environment Agency 2004), there is additional incentive to 95 
understand the full extent of chalk stream S. salar local population genetic 96 
structure.  97 
The primary aim of this study was to assess the population structure of S. 98 
salar populations from the above five major chalk streams of southern 99 
England. First, we assessed the distinctiveness of the chalk stream 100 
populations by explicitly comparing them to populations from geographically 101 
neighbouring populations residing in non-chalk geologies. Secondly, we 102 
assessed whether significant genetic variation exists among the chalk stream 103 
populations by exploring population structure, genetic diversity and patterns of 104 
isolation-by-distance (IBD). Thirdly, by analysing temporal cohorts, we 105 
explored the temporal stability of chalk stream genetic variability over time. In 106 
summary, this study represents the first assessment explicitly addressing the 107 
distinctiveness of chalk stream S. salar populations in southern England, and 108 
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highlights the importance of managing these unique populations as distinct 109 
genetic entities. We anticipate that this information will be useful for the 110 
successful management and conservation of this species within these rivers.  111 
 112 
Materials and Methods 113 
Sampling 114 
Juvenile S. salar (0+ parr) were sampled from the five chalk streams of 115 
southern England that still contain significant populations: the Frome, Piddle, 116 
Avon, Test and Itchen (Figure 1; Table 1; Supporting Information Table S1). 117 
The Avon, Itchen and Test were sampled by the Environment Agency (EA) 118 
during routine national surveys and management programmes between 2004 119 
and 2012. Sampling on the Frome and Piddle was carried out by the Game & 120 
Wildlife Conservation Trust (GWCT) in September of 2009 and 2011 (Figure 121 
1) during routine juvenile abundance surveys. Fish were collected by 122 
electrofishing; adipose fin clips were then taken and preserved in 100% 123 
ethanol, according to national agency ethical guidelines.  To avoid issues of 124 
small sample sizes we aimed to collect 50 parr samples from each site.  For 125 
assessment of the chalk stream  populations in comparison with those from 126 
neighbouring non-chalk geographical regions, salmon from rivers in north-127 
west (NW) France, south-west (SW) England and Norway were included for 128 
the population structure analyses (Table 2) and were obtained from a 129 
database of salmon genotyped for the SALSEA-Merge project (Ellis et al., 130 
2011, Gilbey et al., 2017).  131 
 132 
DNA extraction and microsatellite amplification  133 
DNA was extracted from fin clips using the HOTshot method (Truett et al., 134 
2000) and from scales using the Chelex method (Estoup et al., 1996). Sixteen 135 
microsatellite loci were genotyped. Fourteen loci were amplified according to 136 
the protocol of Ikediashi et al. (2012): Ssa14 (McConnell et al., 1995); 137 
Ssa202, SSsp3016, Ssa197 (O’Reilly et al., 1996); SsaF43 (Sánchez et al., 138 
1996); SSspG7, SSsp1605, SSsp2210, SSsp2201, and SSsp2216 (Paterson 139 
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et al., 2004); Ssa171, Ssa289, Ssa157, and SsaD144 (King et al., 2005). Two 140 
additional loci, Ssosl85 and Ssosl417 (Slettan et al., 1995), were amplified in 141 
the first multiplex reaction described by Ikediashi et al., (2012). Potential S. 142 
salar x brown trout Salmo trutta L. 1758 hybrids were recognised by the 143 
presence of alleles longer than 350bp for locus SSsp1605, or alleles longer 144 
than 135bp for Ssa289 (Finnegan & Stevens, 2008). Hybrid fish were 145 
removed from the dataset.  146 
PCR reactions were carried out in 10µl reactions containing ~50ng of 147 
extracted S. salar template DNA, 3µl water, 5µl of Qiagen Taq PCR 148 
Mastermix and 1µl of primer mixture (Supporting Information Table S2).  PCR 149 
conditions were as follows: an initial denaturation step of 5 min at 95°C, 150 
followed by a touchdown PCR consisting of eight cycles with a 30 s 151 
denaturation step at 95 °C, a 90 s annealing step starting at 62 °C and 152 
decreasing the temperature 2°C every two steps until a touchdown 153 
temperature of 47°C was reached, with 3 minutes of extension at 72°C, 154 
followed by a final 10 minute extension at 72°C. Size of products of 155 
fluorescently labelled PCR products were assessed using a Beckman-Coulter 156 
CEQ8000 automatic DNA sequencer and the associated fragment analysis 157 
software (Beckman Coulter).  158 
 159 
Data checking 160 
MICROCHECKER v2.2.3 (Van Oosterhout et al., 2004) was used to check for 161 
scoring errors due to stutter peaks, large allele dropout or null alleles. In order 162 
to prevent the false detection of population structure due to the presence of 163 
family groups (Allendorf & Phelps, 1981), the program COLONY v2.0.4.1 164 
(Jones & Wang, 2010) was used to identify full siblings. The mating system 165 
was defined as polygamous for males and females and without inbreeding. 166 
Each run was of medium length, using high precision and the full-likelihood 167 
method. Allele frequencies were not updated during the run and no prior sib-168 
ship was assumed. An error rate of 0.02 was used for each locus based on 169 
the protocol of Ellis et al. (2011). The program was run twice independently, 170 
with different starting seeds to check consistency of sibship reconstruction. 171 
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Full-sib families were reduced to one representative, if supported by an 172 
average likelihood of 0.5 or higher between the two runs.  173 
Linkage disequilibrium and deviations from Hardy Weinberg equilibrium were 174 
assessed using GENEPOP v4.2 (Raymond & Rousset, 1995). The 95% 175 
significance level for corrections of multiples tests for both procedures were 176 
adjusted using the False Discovery Rate (FDR) (Benjamini & Hochberg, 177 
1995). 178 
 179 
Descriptive statistics 180 
The number of alleles (NA), expected heterozygosity (HE) and observed 181 
heterozygosity (HO) were calculated in Genalex v6.5.02 (Peakall & Smouse, 182 
2012) for each year cohort of S. salar from each of the five chalk streams.  183 
Allelic richness (AR) and the heterozygote deficit (FIS) were calculated using 184 
the program FSTAT v2.9.3 (Goudet, 1995). In order to determine whether 185 
there were any significant differences in genetic diversity between the five 186 
chalk streams, two sided permutation tests were performed within FSTAT for 187 
AR, HO, HE and FIS, using 1000 permutations of the dataset. Where significant 188 
differences were identified, further pairwise comparisons were made in order 189 
to determine between which groups the significant differences lay. 190 
The effective population size (NE) for each river and year was assessed in the 191 
program NeEstimator v. 2.01 (Do et al., 2014) using the linkage disequilibrium 192 
model under a random mating scenario, using 0.01 as the lowest allele 193 
frequency as the critical value cut-off.  194 
 195 
Assessment of the genetic uniqueness of chalk stream S. salar 196 
In order to place the chalk stream S. salar populations in a wider geographical 197 
context, we incorporated genotypes from four other geographical regions: NW 198 
France, SW England and Norway (Table 2). Genotypes were obtained from 199 
the SALSEA-MERGE dataset (Ellis et al., 2011; Gilbey et al., 2017). To 200 
facilitate accurate comparisons across these populations and to allow the 201 
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incorporation of previously genotyped loci, two markers, Ssosl417 and 202 
Ssosl85, were excluded for these population analyses, resulting in the use of 203 
a reduced set of 14 microsatellite loci for all population structure analyses. 204 
Two complementary methods were used to assess the population structure 205 
between chalk and non-chalk populations and also for the assessment of 206 
structure within the chalk stream populations. 207 
Firstly, the program STRUCTURE v2.3.4 (Pritchard et al., 2000) was used to 208 
identify the number of distinct genetic units (k) across the four geographic 209 
regions. STRUCTURE was run from k = 1 to k = 10 with 150,000 Markov 210 
Chain Monte Carlo (MCMC) replicates, after a burn-in of 75,000 replicates 211 
from ten independent starting points. The Evanno method (Δk: Evanno et al., 212 
2005) was used to determine the optimum number of genetic units (k) from 213 
the results. A hierarchical STRUCTURE analysis was conducted based on the 214 
most likely number of genetic units (see Results) in order to further assess 215 
population sub-divisions and the possible existence of sub-structuring within 216 
the chalk stream rivers. In hierarchical analyses of population structure, the 217 
same analysis parameters were used as outlined above.  218 
Secondly, an assessment of population structure using a Discriminant 219 
Analysis of Principal Components (DAPC) was conducted in R using the 220 
adegenet package (Jombart, 2008; Jombart et al., 2010). The optimum alpha 221 
score (using the optim.a.score function) was used to assess how many 222 
principal components should be retained for each analysis and we assessed 223 
structure using five discriminant components. DAPC plots of the first two 224 
principal components were derived using ggplot2 (Wickham, 2009). 225 
 226 
Assessment of the population structure between chalk stream rivers 227 
To assess the differentiation between sampling sites from across each chalk 228 
river, pairwise FST values from each site and year were calculated. Based on 229 
the outcome of this analysis (see Results), fish from individual sample sites 230 
were grouped together across each river; annual cohorts from each river were 231 
then used for all subsequent analyses of population structure and genetic 232 
diversity. Global and pairwise FST values were calculated for each year cohort 233 
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from each of the five chalk stream rivers. All values were tested for 234 
significance using 10 000 permutations in MSA (Dieringer & Schlötterer, 235 
2003). Multiple testing correction, as incorporated within MSA was used to 236 
assess the 95% confidence level.  237 
Population structure assessment of S. salar within each river and across time 238 
was assessed using the same methods above (STRUCTURE and DAPC 239 
analyses).  240 
To test whether the populations from each of the five chalk stream rivers were 241 
structured through a pattern of isolation-by-distance, the genetic distance 242 
(FST/1-FST) (Rousset, 1997) was tested for significant correlations with 243 
geographic distance using a Mantel test in Genalex using 9999 permutations. 244 
Geographic distances (in km) were determined between river mouths along 245 
the coastal line of southern England using arcGIS v10 (ESRI, 2006). 246 
In order to assess temporal stability, we calculated ‘isolation-by-time’ using a 247 
Mantel test for which a matrix of the difference in years between sampling 248 
was correlated with genetic distance (FST/1-FST). To further assess temporal 249 
stability, the genetic differentiation between sampling year and river was 250 
apportioned using an Analysis of Molecular Variance (AMOVA) in Arlequin v 251 
3.5.2 (Excoffier & Lischer, 2010), using standard computations based on the 252 
number of different alleles (FST-like). Significance between the variance 253 
components (Va, Vb and Vc) and fixation indices (FCT, FSC and FST) were 254 
accepted at p < 0.05.  255 
 256 
Results 257 
 258 
Number of individuals and grouping of sites over years 259 
In total, 1297 juvenile S. salar samples were genotyped at 16 microsatellites 260 
across 26 sites in the five chalk stream rivers (Supporting Information Table 261 
S1). Two potential S. salar x S. trutta hybrids were detected within the Frome 262 
and five were detected within the Avon. After the removal of hybrids and full 263 
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siblings, the final dataset was reduced to 772 samples (Table 1), which were 264 
used for all downstream analyses.  265 
After applying the false discovery rate (FDR) correction, linkage disequilibrium 266 
was detected at seven out of a total of 3000 comparisons (data not shown). 267 
These indicated no consistent pattern between sample sites and, therefore, 268 
no loci were removed. Across the 26 sample sites, only two cases of loci not 269 
confirming to Hardy-Weinberg equilibrium were found, and therefore, no 270 
samples were removed. 271 
Pairwise FST values between annual sample sites across each of the chalk 272 
stream populations were very low (average 0.025), ranging from -0.002 273 
(between AVNbug04 and AVNbri12) to 0.063 (between FROcfmr09 and 274 
TESTmem10), and were significant in 278 of the 325 comparisons after 275 
multiple comparison corrections (Supporting Information Table S3). Moreover, 276 
despite significant FST values between many of the comparisons, a genetic 277 
signal of site differentiation could not be determined over the background of 278 
temporal variation in sampling. Furthermore, FST values for point samples 279 
such as these, particularly when sample sizes are small (Supporting 280 
Information Table S1), do not provide strong evidence for population 281 
differentiation. Accordingly, it was decided to group together sampling sites, 282 
irrespective of sampling year, for each river.  283 
 284 
Genetic diversity of chalk stream S. salar  285 
Between the year cohorts for each river, the number of alleles (NA) genotyped 286 
in the juvenile S. salar from the chalk streams ranged from 6.38 (Piddle 2011) 287 
to 10.69 (Frome 2009) and the unbiased measure of allelic richness (AR) 288 
ranged from 4.77 (Test 2010) to 5.47 (Test 2004) (Table 3). Expected 289 
heterozygosity (HE) ranged from 0.66 (Test 2010) to 0.71 (Frome 2011), and 290 
observed heterozygosity (HO) ranged from 0.67 (Itchen 2006 and Itchen 2010) 291 
to 0.73 (Piddle 2009 and Test 2004).  292 
Statistical comparisons of diversity were non-significant for AR (p = 0.64) and 293 
HE (p = 0.46). However, there were significant differences in HO (p = 0.01) and 294 
 11 
FIS (p = 0.008). Further analysis indicated that the differences in HO were 295 
between S. salar in the Piddle and Itchen (p = 0.001), Avon and Itchen (p = 296 
0.039) and Test and Itchen (p = 0.035). These differences were reflected in 297 
the statistical significance for FIS between the Piddle and Itchen (p = 0.002) 298 
and the Test and Itchen (p = 0.008). The significance of these results is due to 299 
the relatively low HO seen in the Itchen (especially in Itchen 2006 and Itchen 300 
2010 cohorts), a pattern that is also reflected by higher values of FIS for the 301 
Itchen (Table 3). The differences in FIS suggest a greater amount of 302 
inbreeding within the Itchen, although this does not correlate with estimates of 303 
effective population size. 304 
The Test 2010 showed evidence of the smallest effective population size (NE) 305 
of 22 (95% CI: 18-27) and the highest NE was observed in the Frome 2009 at 306 
315 (95% CI: 249-419). Generally, estimates of NE appeared stable over time, 307 
with the Frome showing the highest NE, followed by the Avon. The Piddle, 308 
Test and Itchen showed relatively smaller values of NE, with the exception of 309 
increases in NE from the Test 2004, relative to the Test 2010, as well as a 310 
slight increases in Itchen 2010 NE compared to Itchen 2005 and Itchen 2006. 311 
 312 
Genetic uniqueness of chalk stream S. salar 313 
Using the Δk statistic, the most likely number of genetic clusters ascertained 314 
from the STRUCTURE analysis was k=2, which illustrated the genetic 315 
uniqueness of the five chalk steam S. salar populations compared to 316 
neighbouring non-chalk populations (Figure 2). Of interest was the genetic 317 
similarity of individuals from geographically distant regions on non-chalk 318 
geology, compared with the striking distinctiveness of the chalk stream 319 
salmon populations. Hierarchical analysis of the NW France, SW England and 320 
Norway group showed that the most likely number of genetic clusters was 321 
k=2, which demonstrated a difference between Norway and the two other 322 
non-chalk populations residing in NW France and SW England (Supporting 323 
Information Figure S1). 324 
The optimum number of PCAs for the DAPC analysis was 34. Results of the 325 
population differentiation from the DAPC analysis complimented the 326 
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STRUCTURE analysis in also showing the genetic uniqueness of the chalk 327 
stream S. salar in comparison to all other non-chalk salmon included in this 328 
study. Due to the ability of DAPC in uncovering finer-scale hierarchical 329 
population structure (Jombart et al., 2010), the Norwegian S. salar are 330 
observed as a separate genetic unit in the DAPC plot, which was also 331 
confirmed in the hierarchical analysis using STRUCTURE. One chalk stream 332 
individual from the Frome09 sampling cohort was shown to cluster with the 333 
NW France / SW England genetic group. This sample had no missing 334 
genotype data so this ‘outlier’ is most likely a real result (see Discussion).  335 
 336 
Lack of population structure and temporal stability within the chalk streams 337 
The global FST calculated across each annual cohort from each chalk stream 338 
population was low but significant (FST = 0.018, p = 0.001). The average 339 
pairwise FST across all comparisons was 0.028, and ranged from 0.002 340 
(between Frome09 and Frome11) and 0.055 (between Piddle11 and Test04) 341 
(Table 4). All pairwise FST comparisons were significant after FDR correction 342 
(except between Piddle09 and Piddle11; Itchen06 and Piddle09; Avon04 and 343 
Avon12; Itchen05 and Itchen06; Itchen05 and Itchen10; Itchen06 and 344 
Itchen10).  345 
Hierarchical analysis of the chalk stream S. salar showed that no significant 346 
genetic differentiation occurred across or between the five chalk stream rivers. 347 
The Δk statistic showed no single reliable estimate for k, as the Δk values 348 
were both low, and did not show an obvious peak for any value of potential 349 
genetic clusters (Supporting Information Figure S2). This therefore suggests 350 
that the chalk stream S. salar represent one large genetic group that is not 351 
distinguished on the basis of river basin or annual sampling (Figure 3). This 352 
was further supported by the DAPC, which could not distinguish any patterns 353 
of population differentiation (based on the optimum number of 42 PCAs). 354 
The test for isolation-by-distance (IBD) across the chalk stream salmon was 355 
strong and statistically significant (R2 = 0.2978, p = 0.031) (Figure 4A). This 356 
pattern of IBD was also noticeable in the STRUCTURE plot and DAPC.  357 
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Assessment of temporal stability using ‘isolation-by-time’ (IBT) showed no 358 
statistically significant relationship between annual cohorts within each river 359 
and geographical distances (R2 = 0.0013, p = 0.422) (Figure 4B). Results 360 
from the AMOVA proportioned the majority of the variance (98%) within each 361 
sampling cohort (Vc = 5.22, FST = 0.0197, p < 0.05). Only 0.94% of the 362 
genetic variance occurred between rivers (Va = 0.05, FCT = 0.00938, p < 0.05) 363 
and just 1.04% of the variance was attributed to between years within rivers 364 
(Vb = 0.06, FSC = 0.01046, p < 0.05). 365 
  366 
Discussion 367 
Overview 368 
Populations of S. salar within the chalk streams of southern England have 369 
plummeted in recent decades, yet despite this, and their distinction from other 370 
European populations, the genetic population structure of S. salar within the 371 
chalk streams had not previously been investigated. This study explicitly 372 
demonstrated the uniqueness of chalk stream populations in the context of S. 373 
salar from other non-chalk regions. A significant pattern of isolation-by-374 
distance defines the chalk stream populations, and there is little to no genetic 375 
sub-structuring across rivers and across years. Furthermore, patterns in 376 
population structure and genetic diversity were shown to be temporally stable. 377 
Identification of the homogeneity of the chalk stream fish significantly 378 
increases our understanding of the contemporary genetic structure within one 379 
of the key reporting regions identified by Griffiths et al. (2010) for S. salar in 380 
the southern part of the species’ range. These finding have significant 381 
implications for conservation and our understanding of population structure.  382 
 383 
Uniqueness of chalk stream S. salar populations 384 
The population structure analyses complement previous findings (Griffiths et 385 
al., 2010; Ikediashi et al., 2012) confirming that chalk stream S. salar are 386 
genetically distinct compared to populations from non-chalk geologies. 387 
Extensive analysis of S. salar populations from across Europe also confirms 388 
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the genetic uniqueness of chalk stream populations in southern England 389 
(Gilbey et al., 2017). Interestingly, chalk stream populations appear to be 390 
genetically distinct even when compared to populations occupying south-west 391 
English rivers, between which a sharp gradient in underlying geology, from 392 
chalk to non-chalk, occurs. This is emphasised further by the relative genetic 393 
homogeneity of salmon from south-west England and north-west France, 394 
which are separated across the English Channel (representing a direct 395 
distance of >370km). Notably, even fish from considerably more distant non-396 
chalk S. salar populations (Norway) are more genetically similar to English 397 
non-chalk stream fish than are the chalk stream S. salar.  398 
Geology is known to be a fundamental feature affecting the distribution and 399 
abundance of salmonid populations. For example, rainbow trout 400 
Oncorhynchus mykiss (Walbaum 1792) and cutthroat trout Oncorhynchus 401 
clarki (Richardson 1837) abundances have been shown to be correlated with 402 
particular geologies (Hicks & Hall, 2003), and S. trutta condition was shown to 403 
decrease in limestone geologies correlated with increased catchment 404 
afforestation (Lehane et al., 2004). With chemical cues being a particularly 405 
important feature of salmonid homing (Stabell et al., 1984; Tierney et al., 406 
2010), distinctive population structure arising from geologies with especially 407 
notable water chemistry features is not surprising. Other research directly 408 
investigating the role of geology in S. salar population structure across Europe 409 
suggests a similar role of geology in structuring local and regional populations 410 
(Perrier et al., 2011). Despite the increasing appreciation of geological factors 411 
on the structuring of salmonid populations, genetic distinctiveness related 412 
specifically to geology is not common in the literature. 413 
Furthermore, there appears to be little to no genetic admixture occurring 414 
between chalk stream S. salar populations and fish from neighbouring rivers. 415 
The proportion of straying in salmonids is known to be a significant contributor 416 
in re-colonisation events (Vasemägi et al., 2001; Perrier et al.,; 2009; Griffiths 417 
et al., 2011; Ikediashi et al., 2012). Moreover, high rates of straying have been 418 
shown to result in patterns of admixture between and among local salmonid 419 
populations within a region (Filatre et al.,; 2003; Ayllon et al.,; 2006b; King et 420 
al.,; 2016). On the other hand, the potential of stocked fish in to swamping 421 
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local S. salar population structure is not frequently observed, with signals of 422 
low admixture between foreign and native genotypes (Finnegan et al., 2008; 423 
Hansen et al., 2009; Perrier et al., 2013). The one exception to the apparent 424 
low rates of admixture in the chalk stream populations is the occurrence of a 425 
single chalk stream individual (genotyped from the Frome), which does not 426 
identify – based on its genetic profile – as ‘chalk’. As the Frome is the most 427 
westerly of the chalk stream rivers, this fish could potentially represent a 428 
hybrid from a stray from south-west England crossed with a chalk stream 429 
individual. An alternative explanation is that the fish has been illicitly moved by 430 
human activity, although, if this were the case, in the short-term such activities 431 
might be expected to exhibit a more widespread exogenous signature.  432 
 433 
Lack of genetic sub-structuring within the chalk stream S. salar populations 434 
The accuracy of natal homing in salmonids is influenced by a plethora of biotic 435 
and abiotic factors (see Keefer & Caudill, 2014). In some cases, evidence of 436 
fine-scale natal homing appears high, for example in S. trutta populations 437 
across 3 km (Carlsson et al., 1999) and in Chinook salmon Oncorhynchus 438 
tshawytscha (Walbaum 1792) across just 1 km (Neville et al., 2006). On the 439 
other hand, Stewart et al. (2003) found that, despite phenotypic differences in 440 
sockeye salmon Oncorhynchus nerka (Walbaum 1792) populations homing to 441 
physically similar beaches in Alaska, USA, no evidence of restricted gene flow 442 
between the sites was detected. Similarly, genetic variation among O. nerka 443 
populations in the tributaries of a bay in Alaska were shown to be highly 444 
similar (Habicht et al. 2006), while relatively weak genetic structure was 445 
detected among Coho salmon Oncorhynchus kisutch (Walbaum 1792) from 446 
different river basins in Oregon (Johnson & Banks 2008).  447 
In this study, the lack of genetic differentiation between chalk stream S. salar 448 
populations suggests that returning individuals may be homing back to a 449 
general chalk geological signature, and, consequently, fine-scale between-450 
river population differentiation is not apparent. We anticipate that a propensity 451 
to home to chalk stream waters is likely a fundamental trait of these fish. 452 
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Collectively, the chalk stream rivers drain a small area (spanning just 70 km 453 
along the southern English coast), and it appears probable that homing 454 
accuracy of fish originating within the chalk geology is not further stratified by 455 
additional river-specific geochemical features. Furthermore, the chalk stream 456 
S. salar populations were shown to be temporally stable, which importantly, 457 
suggests habitat stability over time (see below).  458 
A marked lack of differentiation across S. salar populations from proximal 459 
rivers has been noted previously in other parts of Britain. For example, 460 
populations in the rivers of north-west England and south-west Scotland that 461 
drain into the Solway Estuary (Griffiths et al., 2010, Ikediashi et al., 2012), 462 
show little if any consistent genetic differentiation, even when using a large 463 
panel of SNPs (Gilbey et al., 2016). While geology may play a role in this 464 
scenario, this finding appears best explained by the fact that the rivers in this 465 
region share the estuary of the Solway Firth and the Irish Sea, through which 466 
returning fish must pass.  467 
Despite a distinct lack of population differentiation between chalk stream S. 468 
salar populations, significant patterns of isolation-by-distance (IBD) were 469 
detected. Isolation-by-distance is prevalent in salmonids at both large 470 
continent scales (King et al., 2001), regional scales (Taylor et al., 2003) and 471 
within rivers (Griffiths et al., 2009; Primmer et al., 2006). Given the proximity 472 
of the river mouths and shared estuaries of the Frome/Piddle and Test/Itchen, 473 
higher levels of gene flow and migration between these sites might be 474 
expected, and it appears that the geographic distance between the mouths of 475 
these rivers does play a role in defining genetic distances between 476 
populations.  477 
 478 
Temporal stability and chalk stream habitat reliability 479 
The assessment of temporal stability is important in order to understand the 480 
extent to which populations exist as dynamic metapopulations punctuated by 481 
local extinctions and recolonisations, or in stable patches at gene flow-drift 482 
equilibrium. In an assessment of S. salar sampled across two consecutive 483 
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years across a ~100 km river in Quebec, temporal stability was evident in four 484 
out of seven sampling sites, with a high proportion of genetic variance 485 
attributable to other factors (Garant et al., 2000). In a study assessing 486 
temporal stability over a much longer timeframe (50-100 years), across five 487 
rivers (ranging from 3 – 60 km) S. trutta populations were shown to be 488 
remarkably temporally stable (Hansen et al., 2002). Analysis of net samples 489 
from two non-chalk rivers in England, showed temporal stability of the genetic 490 
profiles of S. salar over more than 20 years (Griffiths et al., 2010). This 491 
suggests that the ability to detect temporal stability may depend in part on the 492 
window from which the samples originate. Moreover, in order to avoid the 493 
confounding effects of ascertainment bias, it is important in assessments of 494 
temporal stability to sample the same locations over multiple years.  495 
The samples used in this study spanned an intermediate timeframe (2004 – 496 
2012; 8 years) and were stochastic in terms of sampling site and year. Our 497 
results for isolation-by-time (IBT) showed no association between annual 498 
sampling, and an AMOVA showed that both sampling between rivers and 499 
between years within rivers accounted for only a very small proportion of the 500 
explained variance. It should be noted, however, that although variance 501 
between years within rivers was significant, it was only marginally higher than 502 
variation between rivers. Due to challenges in obtaining samples, the 503 
sampling regime in this study was far from ideal; to better address genetic 504 
change over time, future assessment of the temporal stability of chalk stream 505 
S. salar should sample the same sites across a set number of years.  506 
Nonetheless, in the current study, measures of genetic variability were mostly 507 
stable across years and diversity estimates of each cohort were comparable 508 
to other assessments of S. salar using microsatellite markers (Tessier & 509 
Bernatchez, 1999; Koljonen et al., 2002; Skaala et al., 2004). This is 510 
particularly important given that chalk stream populations are known to have 511 
decreased in recent decades. There were significant differences in FIS and HO 512 
(p<0.005), which were primarily due to low observed heterozygosity and 513 
higher levels of FIS observed from fish in the Itchen. This may reflect differing 514 
population dynamics within this river, with more inbreeding within it. However, 515 
it is worth noting that the FIS values from the Itchen are low compared to other 516 
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studies of S. salar. For example, FIS values of 0.11 – 0.13 were found in 517 
populations in the Rivers Authie, Valmont and Touques in France (Perrier et 518 
al., 2011); therefore, these values alone should not to be a cause for concern.  519 
Given that the studied chalk streams are relatively short in length, estimates 520 
of NE are comparable to estimates obtained from salmonids occupying similar 521 
river lengths (Lage & Kornfield, 2006; Jensen et al., 2006; Vähä et al., 2008), 522 
although it should be recognised that population dynamics and ecological 523 
features can substantially alter such estimates (e.g. Palstra et al., 2007; 524 
2009). One noticeable change was a dramatic drop in NE in S. salar from the 525 
Test between 2004 and 2010. It is known that in the past there was a major 526 
stocking programme on the River Test and that stocking continued up until the 527 
year 2000 (L. Talks, Environment Agency, pers. comm.). Interestingly, despite 528 
stocking efforts which appear to have temporarily inflated estimates of NE in 529 
this system, apparent effects on population structure and diversity (i.e. 530 
admixture effects of stocked fish) are not apparent. More recent estimates of 531 
NE for the Test appear low, but relative decreases in genetic variability were 532 
not so apparent. The effects of this stocking activity were also observed in the 533 
population structure analyses, where the Test samples deviate in the DAPC, 534 
and also show higher Q values for cluster 2 (in blue) in the Structure plot. 535 
Evidence suggests that even in populations with small sizes and the potential 536 
for future declines, S. salar can continue to demonstrate relatively high 537 
genetic variability, as has been shown in this study, and in populations in 538 
Iberia (Consuegra et al., 2005).  539 
Finally, because S. salar typically show considerable variation in the age at 540 
which they migrate to sea, such patterns are hypothesised to significantly alter 541 
genetic variability and effective population size over time. However, the vast 542 
majority of chalk stream fish, at least from the Frome (98%), smolt after one 543 
year (R. Lauridsen, GWCT, pers. comm.). Future work on the populations 544 
assessed here could use microsatellite molecular analysis to determine the 545 
number of years that each generation of chalk stream S. salar spends 546 
between hatching and spawning, which varies considerably over the range of 547 
the species (e.g. Klemetsen et al., 2003; Kusche et al., 2017).  548 
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 549 
Further implications for conservation 550 
The five chalk streams studied are currently managed following county 551 
borders and Environment Agency regional borders, so that the Frome, Piddle 552 
and Avon are managed within the region of Wessex, while the Test and Itchen 553 
are managed within the Solent and South Downs region.  This management 554 
structure does not appear best suited with their natural population structure, 555 
as this study reveals a high degree of connectivity between S. salar across all 556 
five rivers. The demonstration of the distinctiveness of chalk stream S. salar, 557 
as well as the lack of sub-structuring between the chalk stream populations, 558 
reaffirms the need for bespoke management and conservation of these 559 
genetically distinctive fish.  560 
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Figure Legends 859 
Figure 1. Map depicting the location of the five chalk stream rivers included in 860 
this study and sampling sites. Site codes correspond to those presented in 861 
Supporting Information Table S1.  862 
Figure 2. STRUCTURE plot and DAPC of chalk stream Salmo salar 863 
compared to non-chalk S. salar from neighbouring regions of north-west (NW) 864 
France, south-west (SW) England, and Norway. Sampled rivers for these regions 865 
can be found in Tables 1 and 2. The most likely number of genetic units (k) is shown 866 
for the STRUCTURE plot (k = 2), which distinguishes the chalk stream S. salar 867 
genotypes as unique compared to non-chalk genotypes. DAPC also distinguishes 868 
the chalk stream S. salar, and also shows the genetic divergence between NW 869 
France/SW England and Norway.  870 
Figure 3. STRUCTURE plot and DAPC of the five chalk stream Salmo salar 871 
rivers across multiple sampling years (Frome09, Frome11, Piddle09, Piddle11, 872 
Avon04, Avon10, Avon12, Test04, Test10, Itchen05, Itchen06 and Itchen10). No 873 
genetic groups were defined in the DAPC or STRUCTURE (k = 2) plot, but the 874 
analyses suggest a pattern of isolation-by-distance (IBD).  875 
Figure 4. Evidence of spatial structuring and temporal stability in Salmo salar 876 
populations from across the five chalk stream rivers: (A) significant isolation-by-877 
distance (IBD); (B) non-significant isolation-by-time (IBT). 878 
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